Figure 1. Two-Photon Fiberscope Setup
(A) Infrared pulsed laser light from a Ti:Sapphire laser is coupled into a single-mode optical fiber after double passing a pair of diffraction gratings for dispersion compensation. A flexible tether connects the laser components with a small microscope, which can be mounted on the head of a rat. Besides the optical fiber, the tether contains electrical wires, which are necessary to drive scanning, control focusing, and to provide supply voltage for the PMT and carry the PMT output signal. (B) Microscope design. Light emerging from the fiber tip is collimated and focused through a water-immersion objective, which can be positioned with the help of a small motor. Lateral deflections of the fiber tip are used for scanning (see Figure 2) . Fluorescence is detected with a small PMT. The miniature scanner and PMT, on the one hand, and the objective holder, on the other hand, are built as two separable units. The entire assembly can be mounted on a metal plate attached to the skull of a rat above a cranial window.
use for in vivo imaging in the neocortex. We show that tion of papers on ultrashort pulses see Gosnell and Taylor, 1991) through an optical fiber, however, results stable imaging is possible in the cortex of awake, freely in significant temporal broadening of the pulses due to moving animals. two different physical phenomena. The first of those is group-velocity dispersion (GVD) in the fiber, due to the Results fact that the speed of wave packets and therefore their arrival time after passage through the fiber varies with Our goal was to develop a miniaturized two-photon exciwavelength (Agrawal, 1995). Because frequency compotation fluorescence microscope that is small and light nents from the long-wavelength ("red") part of the pulse enough to be carried by an adult rat. To this end, we spectrum travel faster in the fused silica material of the designed a head-mountable microscope, which is confiber than those from the short-wavelength ("blue") part, nected to the bulky excitation laser and the optical setup the pulse leaving the fiber is lengthened and "chirped" via a flexible tether ( Figure 1A ). The key element of this (frequency modulated). It is possible to compensate for tether is a single-mode optical fiber through which laser GVD by giving the short-wavelength components a suffipulses for two-photon excitation are delivered. The microcient head start (negative "prechirp") so that blue and scope contains a miniature scanning device (described red components arrive at the fiber end at the same time. below), epifluorescence optics, and a small photomultiPrechirping can be accomplished with special arrangeplier tube (PMT) ( Figure 1B) . The tether ‫2ف(‬ meters long) ments of prisms (Fork et al., 1984) or diffraction gratings also contains a few electrical wires for microscope con- (Treacy, 1969) . We used a grating pair whose distance trol and signal acquisition. Our current microscope is was adjusted so that the amount of negative prechirp 7.5 cm long and weighs 25 g. This is comparable in exactly compensated the positive chirp caused by the size to chronic multielectrode implants (deCharms et fiber ( Figure 1A ). This nearly restored the initial pulse al., 1999), which are routinely carried by adult rats. We width of about 100 fs at the fiber output for average have not yet attempted to reduce size and weight to powers Ͻ10 mW (pulse energies of Ͻ1 nJ). their absolute engineering limits, and routes to further At higher energies, pulse propagation is affected by miniaturization and weight reduction will be explored in a second effect, called "self-phase modulation" (SPM). the Discussion.
SPM is caused by the dependence of the refractive index on the light intensity and is exacerbated in singleFiberscope Design mode optical fibers due to the small beam diameter A detailed description of the mechanical and optical and the resulting large peak intensity (Agrawal, 1995). components is given in Experimental Procedures. Here, In contrast to GVD, which is a linear optical effect, SPM we address only the most fundamental issues, which is a nonlinear effect and changes the wavelength spechad to be considered in the design of the microscope.
trum. SPM leads to pulse lengthening and is difficult if Two-Photon Excitation through Optical Fiber not impossible to compensate for by prechirping. SPMEfficient two-photon excitation at moderate average induced pulse broadening therefore currently limits the powers generally is achieved using very brief (subpicoefficiency of two-photon excitation that can be achieved second) laser pulses (Denk and Svoboda, 1997). Propaimmediately at the end of optical fibers (if, unlike in our application, a recompression device can be inserted gation of such so-called "ultrashort" pulses (for a collec-after the end of the fiber, the transmission of higher measuring the scan pattern with a two-dimensional populse energies is possible). In our setup, SPM caused sition-sensitive detector before an experiment. In adpulse lengthening to about 1 ps at the maximum average dition, phases were fine tuned during the experiment power used ‫081ف(‬ mW), even with optimal GVD comby minimizing double and quadruple images, which repensation.
sult from errors in phase settings. The fluorescence inObjective Lens tensities measured by the PMT were then assigned to Fluorescence excitation and collection depend strongly the corresponding pixels in order to form an image (Figon the numerical Figure 3A) . Indiscope, we therefore realized a "whole-area" detection vidual capillaries could be studied in detail after zooming scheme ( Figure 2C ). We could, neverspines were resolved on individual branches at high theless, reconstruct the tip position precisely from the magnification (Figure 4Ad ). x and y drive signals after correcting for that phase difference. Phase shifts were determined by directly
The line scan mode permitted measurements of den- In summary, these measurements in anesthetized, the animal was placed in a cage and allowed to recover from anesthesia. The cage was placed on a freely turning head-stabilized rats demonstrate that the fiberscope is process of establishing a stable recording. Imaging conditions therefore are not always optimal (overlying blood ously with a video camera. The image was stable during periods of little or no head motion, for example, while vessels for example act as cylindrical lenses and destroy the focus). As a result, it is sometimes not possible the animal was resting but chewing ( Figure 5 ). There was no apparent difference compared to image series to find cells even with the fixed microscope. Second, different from those earlier studies, we need to retract acquired during anesthesia with the head immobilized. Imaging was relatively stable during moderate movethe electrode after filling the cell, which frequently results in the destruction of the cell. In addition, after ments of the animal's head, such as those that occurred during turning of the body and steady walking, although mounting the fiberscope on the head of the rat, no electrode is available as guide to the neuron. This reduces images sometimes shifted laterally (Figure 5) , and changes in the focal plane position could occur. The the probability of finding the labeled cell, as in the case of imaging pyramidal neurons with deep somata (Helmlateral shifts were on the order of a few tens of micrometers and possibly were due to movements of the brain chen et al., 1999). The difficulties of finding individually labeled cells are exacerbated by the limited lateral morelative to the skull or to slight shifts or tilts of the microscope relative to the skull. Image stability was not mainbility and reduced imaging depth of the head-mounted fiberscope. One way to overcome these problems would tained, however, during rapid movements of the head or sudden contact with the wall of the cage. In these be labeling of cell populations with genetically encoded functional probes, which may be possible in the near cases, movements occurred on a time scale faster than the frame acquisition; images therefore were distorted, future. Both the lateral mobility and the depth penetration of the fiberscope might be improved in the future and sometimes the Lissajous scan pattern became partially visible. Following these brief periods of disturby a number of conceivable yet nontrivial technical refinements (see Discussion). bance, images usually stabilized again although permanent shifts in the imaging position sometimes occurred ( Figure 5 ). In summary, these measurements demonDiscussion strate that it is possible to acquire fluorescence images with high spatial resolution in the brain of freely moving
We have built a miniaturized two-photon microscope and demonstrated that it is suitable for fluorescence animals.
Unfortunately, we have not quite succeeded in demimaging in freely moving animals. The spatiotemporal resolution of the fiberscope is sufficient to resolve denonstrating what clearly is the ultimate goal of our efforts: functional imaging of neurons in freely moving animals. dritic morphology and calcium transients in cortical layer 2/3. Movement artifacts were found to be tolerable durWe still believe that the technology described in this paper will eventually allow us to reach this goal. Several ing periods of moderate motion of the animal's head. The novel microscope holds the promise of measuring factors are acting as handicaps. First, as in previous in 
subcellular activity and hence studying dendritic inte-
The second advantage is that excitation is confined to the focal volume, which reduces out-of-focus photogration in animals free to move about. damage and, even more important, permits much more efficient fluorescence collection than in a confocal miMicroscope Miniaturization Using Fiber Optics croscope (Denk and Svoboda, 1997). A problem peculiar In our design, a single-mode fiber is used for both delivto two-photon excitation through a fiber is the intensityery of laser pulses for two-photon excitation and scanning dependent pulse broadening caused by fiber nonlineariof the illumination spot. In several respects, our fiberties (Agrawal, 1995). In our case, pulses were broadened scope differs from previously developed miniaturized to ‫1ف‬ ps at ‫081ف‬ mW average output power. As twofluorescence microscopes using fiber optics (Delaney photon absorption depends inversely on the pulse length, and Harris, 1995). Those fiberscopes employ singlethis means that the excitation efficiency is reduced at photon excitation and are based on the idea that confohigh intensities. Nevertheless, we were able to image cality emerges naturally if a single-mode fiber is used capillaries and dendrites down to 250 m below the for illumination and fluorescence collection because the brain surface. In order to improve the signal-to-noise fiber core acts as confocal pinhole. Miniature confocal and to increase the depth penetration to what can be microscopes have been applied in vivo, for example, to achieved with a directly coupled two-photon microimage microvasculature and nerve fibers in rat colon scope ‫006-005ف(‬ m), it will be crucial to further opti-(Papworth et al., 1998) and mouse skin (Bussau et al., mize two-photon excitation through optical fibers. The 1998) and cell nuclei in mouse peritoneum (Sabharwal use of special large-core fibers and employment of more et al., 1999). No application to imaging in the CNS has sophisticated pulse compression schemes may in the been reported so far. This might well be due to the future allow us to reduce the effect of fiber nonlinearities limited depth penetration that plagues confocal microsand to obtain pulses in the 100 fs range at the fiber copy in scattering tissue (Denk and Svoboda, 1997).
output even at or above 200 mW average power. AlternaBy combining two-photon excitation through the optitively, excitation might be improved by using picoseccal fiber with whole-area detection, we can exploit the ond pulses from the start, as they can propagate through advantages that two-photon excitation offers in a miniathe fiber at high power with negligible dispersive and turized setting. The first of those advantages is that nonlinear broadening (the large average power delivered excitation light scattering is reduced because of the longer wavelength, thus improving depth penetration.
to the tissue would still be a concern). The use of resonant flexural vibrations of the fiber tip Further miniaturization of the microscope might involve the development of a custom objective lens. In as scanning mechanism results in a compact and lightweight scanner. Compared to other miniature scan deaddition, fluorescence can be collected through a largecore (multimode) fiber and detected by a fixed PMT. vices, e.g., micromachined mirrors (Dickensheets and Kino, 1996; Hofmann et al., 1999), the fiber scanner is Detection at the fixed end of the tether would not only reduce the weight of the fiberscope but also abolish simple and based on the application of a single, readily available piezoelectric bending element. Lissajous the restrictions on detector type, size, and weight and enable simultaneous imaging in multiple wavelength scanning relies on frequency splitting the fiber resonance, which requires an anisotropy of the fiber bending channels. With custom optics, it might be possible to develop a "slim" version of the front end of the fiberstiffness. This can be achieved, for example, with the help of a diagonal strut (Figure 2) . A single bending scope with an outer diameter small enough to allow insertion into the brain. Though requiring removal of element is sufficient to induce two-dimensional vibration, as long as deflections of the bending element are some brain tissue, such an "endoscopic" approach may allow two-dimensional imaging and calcium measurecoupled to both vibrational modes. Our fiberscope produces stable and reproducible images in freely moving ments in deeper brain structures, such as the hippocampus, extending the concept of deep fluorescence mearats during rest and moderate motion. Sudden movements, however, lead to image shifts that probably are surements using fiber optic probes (Davis and Schmidt, 2000) . In summary, these various technological refinedominated by motion of the brain or skull relative to the microscope rather than by distortions of the fiber tip ments are likely to make the fiberscope more efficient, more compact, and easier to use. In principle, a reducmotion. Shifts of the skull relative to the microscope might be reduced in the future, using a more stable tion in weight to less than 5 g appears feasible, which then would permit application to mice. mounting method, but shifts due to movement of the brain relative to the skull are, of course, independent of the microscope design.
Applications A major motivation for the development of the fiberscope was to enable studies of neural activity in behavTechnological Outlook ing animals. Although we have not yet succeeded in Further technical refinements are desirable to improve imaging single-cell activity in a freely moving rat, we the performance of the fiberscope as a practical tool have overcome most of the crucial technical hurdles in for imaging neuronal activity in behaving animals. One the way of such experiments. We have demonstrated example is a mechanical design that not only allows both that dendritic activity can be measured in vivo remote focusing but also remote positioning of the field using the fiberscope and that the imaging stability even of view. This could be achieved, for example, with the in moving animals is sufficient for measurements on a help of small motors and would alleviate the difficulty cellular scale. Fiberscope measurements thus should of finding individual dye-filled neurons. A remote fineallow studies of the modulation of dendritic excitability positioning ability would also permit easy readjustment during sleep and wakefulness and on how changes in of the field of view following lasting lateral shifts that excitability might define certain behavioral states. Aloccasionally occur during animal movements (see Fig- though fiberscope images were blurred during sudden ure 5). In addition, images of the surface blood vessel movements, images stabilized again quickly, so that not pattern might be produced using the backscattered much of the record is lost. We therefore expect that it light, providing position landmarks for finding a prewill be possible to image neural activity during periods viously filled neuron. Another possibility to overcome of a behavioral task that involve only little motion. It the problems of working with individual neurons is to should, for example, be possible to follow dendritic aclabel populations of neurons using other staining techtivity during the decision-making period that preceeds niques, in particular, by applying genetically encoded explicit behavior. indicators based on green fluorescent protein (GFP). Recently, two-photon microscopy has been used to et al., 2000) . above this area, and the dura was carefully removed. To dampen heartbeat-and breathing-induced brain motion, the craniotomy was filled with agarose (1.5%, Type III-A, Sigma) in artificial cerebral spinal fluid (ACSF; 125 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, 2 mM CaCl 2 , and 2 mM MgSO 4 , pH 7.3-7.4 with NaOH) and covered with a coverslip. For blood vessel imaging, this cranial window was fully sealed with dental acrylic cement. In experiments involving intracellular recordings, the coverslip was left unsealed on one side so that electrodes could be inserted at a shallow angle through the agar.
Labeling
All labeling procedures were performed during anesthesia and during head fixation. Blood plasma was stained by tail vein injection of a 0.3-0.5 ml bolus of FITC-or rhodamine-labeled dextran (77 kDa, 5% w/v in ACSF; both from Sigma) (Kleinfeld et al., 1998) . This resulted in bright and temporally stable labeling of the cortical vasculature.
Individual neurons in layer 2/3 were filled with the calcium indicator dye Calcium green-1 (Molecular Probes) by iontophoresis from the intracellular recording electrodes. Electrodes (borosilicate glass, 50-100 M⍀) were inserted at a shallow angle through the agar from the medial-lateral side. The electrode solution contained 0.4 M KAcetate and 3-10 mM Calcium green-1 (pH 7.3, buffered with Figure 6 . Flowchart of the Fiberscope Setup HEPES). Recordings were made with a high impedance amplifier (Neurodata, Cygnus Technology, PA).
Two frequency generators produce sinusoidal voltages at the two resonance frequencies of the fiber tip. The superposition of these voltages is used to drive the piezoelectric bending element. The PMT Mechanical and Optical Design current signal is amplified and digitized for image reconstruction The fiberscope setup comprised two components: the laser system together with the phase-shifted versions of the x and y drive signals. and the head-mounted microscope, which were connected via fiber
